motor neurons generated pacemaker-like action potentials matched 1: 1 with vocal nerve and motoneuron firing. Transneuronal transport further revealed connectivity within and between the pacemaker-motor circuit and a rostral prepacemaker nucleus. Unlike the pacemaker-motor circuit, prepacemaker firing did not match the frequency of vocal nerve activity but instead was predictive of the duration of the vocal nerve volley that codes for call duration. Transneuronally labeled terminal-like boutons also occurred in auditory-recipient hindbrain nuclei, including neurons innervating the inner ear and lateral line organs. Together with studies of midshipman, we propose that separate premotor populations coding vocal frequency and duration with direct premotor coupling to auditory-lateral line nuclei are plesiomorphic characters for toadfishes. Unlike in midshipman, transneuronal labeling in toadfishes reveals an expansive column of pacemaker neurons that is weakly coupled to prepacemaker neurons, a character that likely depends on the extent of gap junction coupling. We propose that these and other anatomical characters contribute to neurophysiological properties that, in turn, sculpt the species-typical patterning of frequency and amplitude-modulated vocalizations. 
Introduction
Vocalizations provide examples of rhythmic motor behaviors -they are often repetitive, stereotyped, and have a predictable temporal pattern [see Bradbury and Vehrencamp, 2011] . Among tetrapods, the central control of vocalization depends on the spatiotemporal patterning of respiratory-related muscles together with one or more pairs of muscles dedicated to sound production [Bass, 1989; Nowicki et al., 1992; Bass and Baker, 1997 ]. An exception is the family of fully aquatic pipid frogs [Yager, 1992] , although glottal motor activity is still strongly coupled to vocal output [Zornik and Kelley, 2008] . Sound production in fishes does not exhibit a similar dependency on respiration and often involves the vibration of either a gas-filled swim bladder or other skeletal structures such as part of the pectoral girdle [Ladich and Fine, 2006; Bass and Ladich, 2008] . While anatomical investigations have identified a sonic or vocal motor nucleus (VMN) in several groups of distantly related teleost fishes [for reviews, see Bass and Baker, 1991; Onuki and Somiya, 2007; Bass and Ladich, 2008; Boyle et al., 2013; Bass et al., in press] , most neurophysiological studies of the vocal motor system have been on toadfishes, a single order (Batrachoidiformes) and family (Batrachoididae) that includes species commonly known as midshipman and toadfish [Greenfield et al., 2008] .
Toadfishes and midshipman have a single pair of sonic swim bladder muscles that generate highly stereotyped, pulsatile vocalizations ( fig. 1 a, b) . The call structure of sonic fishes can differ in duration, pulse repetition rate (which also sets the fundamental frequency in fishes), and frequency (FM) and amplitude (AM) modulation [see Amorim, 2006; Rice and Bass, 2009] . Gulf toadfishes (Opsanus beta), the focus of this report, have two main classes of vocalizations known as 'boatwhistles' and 'grunts' made by territorial males during courtship and agonistic encounters, respectively; females are only known to make grunts [Fish and Mowbray, 1970; Maruska and Mensinger, 2009 ; Thorson and Fine, 2002] . Grunts are typically brief in duration (<300 ms) and broadband. Advertisement boatwhistles typically include one or more brief introductory grunts followed by a longer-duration ( ∼ 200-600 ms) 'hoot' or 'boop' that has an initial gruntlike segment consistently followed immediately by a multiharmonic hoot and, in some cases, a final very brief grunt-like segment ( fig. 1 a) [Tavolga, 1958; Thorson and Fine, 2002; Remage-Healey and Bass, 2005] .
Sonic muscles in toadfishes are innervated by paired occipital nerve roots (OCC-1 and OCC-2; fig. 1 c) largely comprised of VMN axons and considered homologues of hypoglossal nerve roots [Bass and Baker, 1990, 1991; . 'Swim bladder motoneurons' were first identified in the oyster toadfish (O. tau) [Bennett and Pappas, 1965; Pappas and Bennett, 1966; Bennett et al., 1985; Weiser et al., 1985] . These early studies also noted the presence of electrotonic coupling, synchrony, and inhibitory input within the premotor-motor circuitry. Later studies of several teleosts, including the oyster toadfish, emphasized the temporal matching between the natural call pulse repetition rate/fundamental frequency and the spike-like motor volley recorded from OCC [Bass and Baker, 1991; . The motor volleys of each vocal nerve (VN) fire in phase [Bass and Baker, 1991] , with each VN spike reflecting the synchronous activity of the motoneurons [Bennett and Pappas, 1965; Pappas and Bennett, 1966; Bennett et al., 1985] that activate the ipsilateral muscle [Skoglund, 1961] . Hence, the firing frequency and duration of the VN motor volley determine the natural call features, with each VN spike coding for [Skoglund, 1961; Cohen and Winn, 1967] . Herein lies a major advantage of studying the neural basis of vertebrate sound production in toadfishes and fishes in general -a simple translation between the neural output and the physical attributes of the behavior itself. Most studies of central vocal mechanisms among toadfishes are for the plainfin midshipman fish (Porichthys notatus) that produces grunts like the toadfish and advertisement calls known as 'hums' that function like the courtship boatwhistles of toadfishes ( fig. 1 b) [Brantley and Bass, 1994; Bass et al., 1999; McIver et al., 2014] . Intracellular recordings in midshipman have demonstrated that the duration, frequency/pulse repetition rate, and amplitude of the VN motor volley, and hence natural calls, are determined by separate populations of vocal prepacemaker nuclei (VPP), vocal pacemaker nuclei (VPN), and VMN, respectively [Chagnaud et al., 2011 . The main goal here was to use transneuronal tracing to provide a broad organizational overview of the hindbrain vocal system of the Gulf toadfish and then compare it to that of the plainfin midshipman. Intracellular recording was only used to compare the general activity patterns of vocal neurons in the Gulf toadfish to those matching the location of vocal motor, pacemaker, and prepacemaker neurons in midshipman and not to carry out a quantitatively rigorous neurophysiological analysis as in our prior studies [Chagnaud et al., 2011 .
We specifically chose the Gulf toadfish for comparison to the midshipman fish because of the abundance of prior field and laboratory studies investigating behavioral, auditory, and hormonal mechanisms of acoustic communication in this species of toadfish [Tavolga, 1958; Gerald, 1972, 1974; Walsh et al., 1995; Bass et al., 2001; Thorson and Fine, 2002; Bass, 2005, 2006; Fine and Thorson, 2008] . This study is a first step in testing the hypothesis that the diversity in vocal attributes such as duration and patterns of AM and FM among toadfishes (e.g. fig. 1 a, b) is paralleled by divergent patterns in the organization of the central vocal network. Despite the close phylogenetic relationship of the Gulf toadfish and the plainfin midshipman [Rice and Bass, 2009] , the results show that the vocal central pattern generator (CPG) anatomy of these two species differs at the levels of both the pacemaker-motoneuron circuit and the afferent prepacemaker neurons.
Materials and Methods

Animals
Gulf toadfish juveniles (n = 5 males and 2 females; 4.5-8.0 cm in standard length) that were only used for VN labeling were kindly provided by Dr. Peggy Edds-Walton, while adults that were only used for intracellular staining and neurophysiology (n = 15; 12.2-25.7 cm in length; male or female not recorded) were obtained from a commercial source (Gulf Specimen, Panacea, Fla., USA). We used juveniles for nerve labeling because transneuronal transport is maximal in smaller animals Bass, pers. obs.] . Adults were used for neurophysiology, inclusive of intracellular recording and staining of vocal neurons, because they were readily available from commercial sources. Our goal was to provide a broad organizational overview of the hindbrain vocal system and not to study in depth either the ontogeny or the sex differences in vocal mechanisms.
VN Labeling
The cut end of one VN at the level of the swim bladder was labeled with crystals of 10 kDa dextran-biotin (Molecular Probes, 54 Eugene, Oreg., USA) (see fig. 2 ), biocytin (Sigma-Aldrich), or neurobiotin (Vector Laboratories, Burlingame, Calif., USA) (see fig. 3 -6). Following survival times of 26 h to 11 days, animals were deeply anesthetized by immersion in water with tricaine methane sulfonate (MS-222). Anesthesia differed from that described above for adults as the protocol changed between the years when the experiments were performed. Transcardial perfusion was performed as described above, but the fixative was 4% paraformaldehyde/1.0% glutaraldehyde in 0.1 M phosphate buffer (PB) [see Bass et al., 1994 , for details of the surgery and labeling]. Brains were postfixed in the same solution for 1 h, stored at 4 ° C in 0.1 M PB, and then transferred to a 30% sucrose/0.1 M PB solution at 4 ° C ≤24 h prior to being sectioned frozen at 50 μm. The biotin reaction product was visualized using an avidin:biotinylated horseradish peroxidase complex (Elite Kit; Vector Laboratories) [see Bass et al., 1994, for details] . The staining protocol differed from that described above for intracellular staining as the protocol had improved by the time the neurophysiology experiments were performed. Sections were counterstained with cresyl violet and then treated as above prior to being coverslipped.
Morphometry
The numbers of vocal motor (VMN) and premotor pacemaker (VPN) neurons were counted in the entire brains of 5 cases (biocytin, n = 4; neurobiotin, n = 1) with extensive bilateral, transneuronal labeling of VMN and VPN. All labeled neurons were counted at a magnification of ×250 using a Leitz drawing tube, attached to a Leitz Dialux 22 microscope. The average soma diameter (average of the minor and major axes) was also determined for each of 10 VMN and 8-10 VPN neurons for a single transverse section in the middle of the VMN-VPN circuit of the biocytin-and neurobiotin-labeled brains (see fig. 4a ). The average diameter of the VMN and VPN neurons was less than 20 μm (see Results). Given that the section thickness was 50 μm (see above), double counting of somata between sections was of minimal concern.
Neurophysiology
The surgical and neurophysiological methods described previously in studies of midshipman fishes [Bass and Baker, 1990; Chagnaud et al., 2011] were approved by the Cornell University Institutional Animal Care and Use Committee. For intracellular studies, animals were deeply anesthetized [immersion in 0.025% benzocaine (ethyl p-amino benzoate); Sigma, St. Louis, Mo., USA] and a dorsal craniotomy was performed to expose the brainstem, the rostral spinal cord, and all cranial and rostral spinal nerves. After surgery, animals received an intramuscular injection of bupivacaine anesthetic (0.25%; Abbott Laboratories, Chicago, Ill., USA) with 0.01 mg·ml -1 epinephrine (International Medication Systems, El Monte, Calif., USA) near the wound site and then an intramuscular trunk injection of the muscle relaxant pancuronium bromide (0.1-1 μg/g of body weight). Animals were placed in a Plexiglas tank and perfused over the gills with artificial seawater at 18-20 °C, the same temperature as their home aquarium water.
Teflon-coated, silver wire electrodes (75 μm in diameter) with exposed ball tips (50-100 μm in diameter) were used to record the vocal motor volley from ventral OCC (see VN, fig. 2d, 4c, 5e) . For antidromic stimulation, bipolar silver wire electrodes insulated with enamel except at the tips (0.15 mm in diameter; 0.3 mm between tips) were implanted at the level of the swim bladder between each muscle and the bladder wall, immediately adjacent to the occipital nerve. Glass micropipettes (resistance 35-50 MΩ) were filled with a 5% neurobiotin solution in 0.5 M KCOOH and used for intracellular recordings and iontophoretic neurobiotin injections (5-10 nA positive current, 2-15 min, 50% duty cycle) (see VMN, fig. 2d , lower right inset; VPN, fig. 4c , lower left inset; VPP, fig. 5e , lower left inset). Recordings were performed from the dendrite/soma of VMN neurons, from the dendrites and axons of VPN neurons, and from the axons of VPP neurons.
At the conclusion of an experiment, juvenile and adult fish were deeply anesthetized by immersion in water with benzocaine (see above). For those experiments that included intracellular filling of neurons, animals were sacrificed 2-6 h after the neurobiotin injections and then perfused transcardially with a teleost Ringer's solution followed by an ice-cold solution of 3.5% paraformaldehyde/0.5% glutaraldehyde dissolved in 0.1 M PB. Brains were removed from the skull, stored in 0.1 M PB at 4 ° C, and then transferred to a 30% sucrose/0.1 M PB solution at 4 ° C ≤ 24 h prior to being sectioned frozen at 100 μm. A neurobiotin reaction product was visualized using a modified d-aminobenzidine protocol. DAminobenzidine-reacted sections were mounted and then counterstained with cresyl violet before dehydration through a graded series of alcohols followed by xylene, and then coverslipped.
Neurobiotin-filled neurons were reconstructed at a magnification of ×400 with the aid of a Leitz drawing tube attached to a Leitz Dialux 22 microscope (see fig. 2d , 4c, 5e, f). Photomicrographs of neurobiotin-labeled neurons were taken with either a 35-mm Nikon FDX-35 camera attached to a Nikon Eclipse E-800 microscope (Kodak Gold color film, ISO 100) or a SPOT digital camera attached to the Nikon microscope. Image stacks of photographs taken on different optical planes were combined into a single image using a commercial program (Zerene Stacker).
Results
Vocal Motor Nucleus
Dextran-biotin (10 kDa) labeling of one VN at the level of the swim bladder resulted in labeling of the ipsilateral pair of occipital VN roots that gave rise to the vocal tract (VoTr) and the VMN comprising round, ovoid, and pear-shaped somata ( fig. 2 a fig. 2 c, d ). Axons lacked collaterals and arose from either a somatic initial segment (n = 9) or a proximal dendrite (n = 6; fig. 2 c, d ). VMN neurons were not spontaneously active but discharged action potentials during midbrain, electrically evoked responses that were temporally matched 1: 1 with each VN spike ( fig. 2 d, right inset) .
Vocal Premotor Network
Application of either neurobiotin or biocytin to one VN at the level of the swim bladder always (n = 6) resulted in dense, bilateral labeling of the VN tracts, both motor nuclei and columns of premotor, fusiform-shaped somata that were lateral and ventral to the VMN ( fig. 3 a, b , 4 a-c). The premotor columns in toadfishes were at the same location as the VPN somata in midshipman fish, so we followed that nomenclature here [Bass and Baker, 1990; Chagnaud et al., 2011] . Intracellular recording (n = 20), in some cases coupled to neurobiotin fills (n = 3), showed that these premotor neurons had the same temporal firing properties as VPN in midshipman, namely a 1: 1 match with VN spikes ( fig. 4 c, lower left inset) [Bass and Baker, 1990; Chagnaud et al., 2011] .
Pacemaker neurons extended 1,000-1,350 μm from rostral to caudal VMN levels, with extensive crossing of processes both dorsal to the VMN and ventral, across the MLF ( fig. 3 a, b, 4 a, c) . The rostral 250-350 μm of the VPN-VMN circuit overlapped the caudal extent of the inferior olive (IO; fig. 4 b) . Pacemaker somata and/or processes extended 50-100 μm caudal to the VMN in 4 of 6 specimens but did not extend to the far rostral limits of the VMN ( fig. 4 b) . Motoneuron somata were observed ventrolateral to the VMN within the ipsilateral occipital tract at far rostral levels ( fig. 4 b, inset) .
The pacemaker column became more expansive in its mediolateral extent at progressively rostral levels ( fig. 3 a,  b, 4 a) . This appeared to be due to an increase in the den- 56 sity of both labeled somata and processes. Dense bilateral filling of processes along the lateral extent of VMN extended to the surface of the hindbrain and spinal cord ( fig. 3 , 4 ). This dense filling reflects both the extensive dendritic arborization of motoneurons ( fig. 2 a, b, 4 b, inset) and the dendritic and axonal branching of pacemaker neurons ( fig. 4 c) . Pacemaker axons terminated bilaterally within the VMN and the dense cluster of processes lateral to the VMN. Transneuronally labeled VPN somata were also found close to intracellularly filled neurons in all cases (arrows in fig. 4 c, lower right inset). The average soma diameter for VMN and VPN in 5 biocytin and neurobiotin brains was 17.9 μm (SD = 1.6) and 12.9 μm (SD = 0. Methods for more details). For these same brains, the average number of VMN and VPN neurons was 1,021 (SD = 169) and 322 (SD = 91), respectively (see Materials and Methods for more details).
Vocal-Motor Coupling to Supramedullary Neurons
Transneuronal neurobiotin and biocytin transport revealed a thick fiber bundle with collaterals that arched dorsally toward the midline at caudal VMN levels, just above the central canal and Vtr ( fig. 3 a, b) . On average (n = 6 fishes), the dorsal bundle had a rostral-caudal extent of 360 μm (range 250-450 μm), beginning 150 μm from the caudal end of the VMN (range 0-200 μm). In the case illustrated in figure 3 , the dorsal bundle had a rostral-caudal extent of 300 μm, beginning 150 μm from the caudal end of the VMN. Labeled processes branched off the dorsal bundle bilaterally, extending mainly towards either the contralateral VMN or the column of supramedullary neurons (supramedullary nucleus; SUP) that are clustered along the dorsal aspect of the spinal cord and the caudal hindbrain ( fig. 3 a and lower right inset). Terminal-like boutons were directly apposed to supramedullary somata ( fig. 3 b, inset) .
In all neurobiotin and biocytin cases, labeled axons entered a dorsal root at the level of the VMN and formed terminal-like boutons within the funicular nuclei ( fig. 3 a) . There was no indication that labeled afferents innervated any part of the motor column. The source of the dorsal root afferents remains unknown.
Vocal Prepacemaker Nucleus
Transneuronally labeled processes and terminal-like varicosities were abundant immediately rostral to the VPN-VMN ( fig. 5 a, b) . In 5 of 6 cases, varicosities surrounded lightly-filled, ovoid-shaped somata corresponding in position to the VPP in adult and larval midshipman fishes, so we followed that nomenclature here [first identified as the ventral medullary nucleus in Bass et al., 1994; Chagnaud et al., 2011] ( fig. 5 a-c) . In 1 case the VPP was continuous with the VPN column, while in the remaining 4 cases it was separated by 50-100 μm. Dense terminal-like varicosities spanned the midline at VPP levels ( fig. 5 b, d) . The light staining of VPP somata, together with numerous terminal-like endings along their perimeter ( fig. 5 c) , suggested that VPP somata were filled via anterograde transneuronal transport from VPN axons rather than from VMN neurons. VPP had a rostral-caudal extent of 200-350 μm. The most extensive transneuronal label throughout the VMN-VPN-VPP network occurred after a survival time of 3 days and the least extensive one occurred after a survival time of 11 days.
Intracellular neurobiotin fills (n = 3) showed fusiformshaped VPP somata with extensive dendritic branching at the level of the VPP ( fig. 5 e and upper right inset) and an axon that terminated extensively within the VPN column and within VMN ( fig. 5 f and insets) . VPP neurons (n = 15) did not fire in a 1: 1 pattern matched to fictive call spikes ( fig. 5 c, lower left inset) , but instead the VPP action potential firing duration was predictive of the duration of the VN volley (the intracellular record in fig. 5 e shows axonal activity).
Vocal Coupling to the Inner Ear and Lateral Line
In all cases of transneuronal labeling via the VN, a lateral brainstem bundle [LB; nomenclature after Bass et al., 1994 ] gave rise to putative terminals along the lateral brainstem extending from the VPP to the cerebellum ( fig. 6 a, b) . This bundle likely arose from the VPN column, the only population of densely filled premotor somata. Terminal-like boutons were found around the ovoid-shaped somata in the octavolateral efferent nucleus (OEN; fig. 6 a and inset) that directly innervates the inner ear and lateral line organs [Highstein and Baker, 1986; Bass et al., 1994; Weeg et al., 2005] . Labeling was more extensive in a rostral subdivision of the efferent nucleus (separated from a caudal subdivision by internal arcuate fibers), with the label extending ventrolaterally to the efferent nucleus along a trajectory consistent with that of efferent neuron dendrites (arrows in fig. 6 a) [see , for midshipman fishes; see Highstein and Baker, 1986 , for toadfishes].
Processes and putative terminals also occurred further rostrally at the level of the eighth nerve-recipient auditory nuclei [Highstein, 1992; see Bass et al., 2000 , for midshipman fishes and Bass et al., 2001 , for Gulf toadfish cytoarchitecture]. In 4 out of 6 cases, pear-shaped somata were lightly filled in a rostral, intermediate subdivision of the descending octaval nucleus (DOri; fig. 6 b and upper inset). Faintly labeled DOri processes were followed ventrally into a ventral tegmental area (VT; fig. 6 b and lower inset) where they were covered with densely filled terminal-like boutons, the likely site of anterograde transneuronal transport of biocytin to DOri. The VT and DOri neurons formed a continuum [Bass et al., 2001] . Labeled processes and terminal-like boutons were dense immediately ventral to the lateral aspect of the cerebellum's eminentia granularis within the rostral hindbrain (not shown); less dense labeling extended into the immediately adjacent eminentia granularis. 
Discussion
This is the first comprehensive report for any toadfish species other than the midshipman fish of the vocal premotor-motor network and its connectivity to the auditory and lateral line systems. Prior studies of toadfish species in the genus Opsanus presented minimal detail on VMN anatomy and physiology [Pappas and Bennett, 1966; Fine et al., 1984; Bass and Baker, 1991] . Brain stimulation studies by Demski et al. [1973] led to the proposal of a hierarchical organization for central vocal control in the Gulf toadfish. Using a combination of anatomical and physiological methods, we showed that the vocal CPG in the Gulf toadfish has 2 separate premotor nuclei corresponding in morphology and physiology to VPN and VPP in midshipman where VPN and VPP code call fundamental frequency/pulse repetition rate and duration, respectively [Chagnaud et al., 2011] . The results are also consistent with the pattern of connectivity shown in midshipman, whereby the VPP projects to the VPN which, in turn, provides a dense input to the paired VMN [Bass and Baker, 1990; Bass et al., 1994; Chagnaud et al., 2011 Chagnaud et al., , 2012 .
Vocal CPG Neurophysiological studies of the Gulf toadfish have shown that the hindbrain-spinal region containing the VPP-VPN-VMN network can produce a fictive call output that mimics the temporal properties of boatwhistles when it is surgically isolated in an otherwise intact preparation . We found that VMN and VPN neurons discharged individual action potentials that were temporally matched with each VN spike. Premotor VPP neurons did not show this firing pattern but rather showed activity that was predictive of the duration of fictive calls. Intracellular recordings of the soma-dendritic compartment of VPP and VPN neurons are needed to determine whether membrane oscillations and sustained depolarizations underlie VPN frequency and VPP duration coding, respectively, as shown for midshipman [Chagnaud et al., 2011] .
Vocal premotor neurons connected to hindbrain auditory sites have been identified in several orders of teleost fishes [see Bass et al., 1994 , and this report for toadfishes, Batrachoidiformes, Carlson and Bass, 2000, for squirrelfishes, Scorpaeniformes, and Ladich and Bass, 1996, for catfishes, Siluriformes] . While the general pattern of vocal premotor and motor organization is similar between Gulf toadfishes and plainfin midshipman fishes (the two species of toadfishes so far investigated), there are prominent differences which are highlighted, in part, in figure 7 .
First, toadfish vocal motoneurons have extensive dendritic branching, especially lateral to the VMN where they overlap VPN somata, dendrites, and axons ( fig. 2 , 7 c left) . Vocal motoneurons in midshipman have modest dena b [Bass and Baker, 1990; Bass et al., 1994] . Second, only midshipman exhibit dense transneuronal labeling of VPP somata and processes after labeling of the VN with either biocytin or neurobiotin . In contrast to dextran-biotin, biocytin and neurobiotin cross gap junctions [see discussion in . The results imply more extensive gap junction coupling between VPP and the VPN-VMN circuit in midshipman.
Third, while the general pattern of vocal CPG connectivity to auditory and cerebellar structures is largely similar between midshipman and toadfishes [see Bass et al., 1994; Bass et al., 2000, for midshipman] , Gulf toadfishes uniquely exhibit a prominent bundle of axons that is continuous with the VPN column at caudal levels and innervates the column of supramedullary neurons that are on the surface of the caudal hindbrain and rostral spinal cord. Single VPN and VPP fills did not reveal this connection; we expect that a more extensive intracellular labelling study will show a subset of VPN and/or VPP neurons projecting to the supramedullary column. The discovery of vocal CPG input to supramedullary neurons was unexpected, as this connection was not found in midshipman following extensive study of larval through adult stages Knapp et al., 1999] . Supramedullary neurons are proposed to innervate mucous glands distributed across the body surface via several cranial nerves [Bennett et al., 1959; Funakoshi et al., 1995 Funakoshi et al., , 1998 ]. The functional significance of this vocal input remains to be shown, although increased mucous secretion might serve a protective function (e.g. avoidance of parasitic infection) linked to vocal signaling during intraspecific [Brantley and Bass, 1994] and interspecific [RemageHealey et al., 2006] agonistic encounters.
Fourth, the VPN column along the rostral-caudal extent of VMN is expansive along the medial-lateral axis in toadfishes; this column is largely a diffuse population along most of the extent of VMN in midshipman ( fig. 7 ad ). Species differences in the expanse of VPN do not appear to depend on the vocal muscle mass, which is similar for fishes of comparable size [see Brantley et al., 1993, for midshipman, and Walsh et al., 1995, for Gulf toadfishes] .
Fifth, midshipman fishes appear to have a larger VMN neuron population. The juvenile Gulf toadfishes in the current study had total motoneuron counts close to 1,000, comparable to the number in juvenile oyster toadfishes of a similar body size [1-to 2-year-old size class in Fine et al., 1984 ; also see Radtke et al., 1995] . Juvenile midshipman fishes of comparable body size have close to 4,000 motoneurons, like sexually mature adult midshipman fishes [Bass and Andersen, 1991] . Assuming that Gulf toadfishes, like oyster toadfishes, add motoneurons as they age and approach 2,000-2,500 vocal motoneurons as in adult oyster toadfishes [Fine et al., 1984] , the numbers are still close to 40% greater in midshipman. There are two caveats to the above comparisons. First, the VMN neuron number in Gulf toadfishes may be underestimated given that the VMN cell size ( ∼ 18 μm) was less than 50% of the section thickness (50 μm). Second, the motoneuron number in midshipman was based on counts of myelinated axons in the VN that innervates the vocal muscles attached to the swim bladder [Bass and Andersen, 1991] ; VMN axons are unbranched as they exit the brain and along the length of the VN ( fig. 2 d) [see Bass and Baker, 1991] . Despite these concerns, the available data are highly suggestive of species differences in VMN neuron number. The ratio of VPN to VMN neurons in juvenile Gulf toadfishes was close to 1: 3; it is closer to 1: 20 in juvenile midshipman fishes [Bass, unpubl. obs.] . The larger VMN population and VPN:VMN ratio in midshipman may relate to their ability to generate advertisement hums that can last for more than 1 h [Ibara et al., 1983; Brantley and Bass, 1994; Bass et al., 1999] , compared to toadfish advertisement boatwhistles with durations in the order of a few hundred milliseconds [Thorson and Fine, 2002; Amorim, 2006] ( fig. 1 a, b) .
Vocal Motor Coupling to Auditory Nuclei
Transneuronal labeling in both toadfishes (this report) and midshipman indicates that the vocal CPG network provides direct input to hindbrain auditory nuclei, including the OEN that directly innervates the inner ear and lateral line organs. In midshipman, single neuron fills show that duration-coding VPP neurons are the principal source of input to the efferent nucleus [Chagnaud et al., 2011] . This finding is consistent with neurophysiological evidence for the robust transfer of duration information by OEN neurons to the auditory (saccule) hair cell epithelium during vocalization, which is hypothesized to decrease auditory reafference [Weeg et al., 2005; Chagnaud and Bass, 2013] .
Pacemaker neurons are the only premotor neurons robustly labeled via transneuronal transport in Gulf toadfishes, suggesting that the dense terminal-like varicosities observed in both VPP (see above) and auditory-related nuclei [e.g. DOri, see Bass et al., 2000 Bass et al., , 2001 ] mainly originate from VPN, and not VPP as in midshipman. More extensive single cell anatomy studies of VPN and VPP coupled to intracellular records of target neurons (DOri and OEN) in toadfishes are needed to more rigorously test a predominant role for VPN in vocal coupling to the inner ear and lateral line. Recent intracellular recording studies in midshipman have shown that the VPP is the source of a vocal corollary discharge that informs the auditory system about call duration [Chagnaud and Bass, 2013] . The results presented here for the Gulf toadfish suggest that duration and/or PRR information, both of which are contained within the VPN output, is/are being transferred to the inner ear and lateral line organs. As proposed in midshipman fishes [Chagnaud and Bass, 2013] , the high fundamental frequency/PRR (>150 Hz) code of the Gulf toadfish will ultimately be turned into a duration code by OEN neurons via summation of excitatory postsynaptic potentials, due to the integrative membrane properties of OEN neurons and the high frequency of VPN activity.
Species-Specific Vocalizations and Vocal Network Circuitry
Both Gulf toadfish and plainfin midshipman produce brief agonistic grunts that resemble each other in their physical characters (see Introduction for references). By contrast, several features distinguish toadfish and midshipman advertisement calls, including call duration and FM and AM patterns. Toadfishes produce advertisement boatwhistles with durations of a few hundred milliseconds, and a prominent pattern of FM and AM ( fig. 1 a, 7 e) . The sequences of grunts-hoots in the boatwhistles of oyster toadfishes [see Edds-Walton et al., 2002] and of grunts-hoots-grunts in the boatwhistles of the Gulf toadfish and the Lusitanian toadfish (Halobatrachus didactylus) [e.g. Thorson and Fine, 2002; Amorim, 2006] are largely invariant for each of these species [Amorim, 2006; Rice and Bass, 2009] . Midshipman advertisement hums display minimal FM and AM and can be several orders of magnitude longer in duration, lasting for minutes to >1 h ( fig. 1 b) [Ibara et al., 1983; Brantley and Bass, 1994; McIver et al., 2014] . Midshipman hums essentially have only a hoot-like segment ( fig. 1 b) . The only midshipman call with an FM/AM pattern comparable to that of a boatwhistle is the agonistic growl that is a combination of grunt and hum/hoot-like segments ( fig. 7 f) . However, unlike boatwhistles, the duration and temporal order of the grunt-hoot sequence of growls varies widely within and between individuals [McIver et al., 2014] . In sum, the available evidence indicates that the spatiotemporal patterning of calls with prominent FM and AM segments is more invariant in toadfishes than in midshipman. We recognize that the duration or degree of AM may vary between individuals in a species [e.g. Amorim, 2006] , but the sequence of either a broadband grunt followed by a multiharmonic hoot, as in the Gulf toadfish, or a hoot bracketed by grunts, as in the Lusitanian toadfish, is largely invariant and very different from the growl of midshipman ( fig. 7 e, f) .
Ultimately, the long-term goal here is to understand how species diversity in vocal CPG traits leads to divergence in the spectro-temporal pattering of acoustic signals among toadfishes and fishes in general, and how this relates to the central patterning of the more complex vocalizations of tetrapods. Comparisons between the current study of Gulf toadfishes and prior ones of plainfin midshipman fishes lead us to propose that: (1) the more expansive dendritic arbor of motoneurons that extensively overlaps an expansive frequency-coding VPN column in the Gulf toadfish contributes to stronger coupling throughout the VMN-VPN circuit which, in turn, is essential for generating stable calls exhibiting prominent FM and AM segments in the Gulf toadfish, (2) robust gap-junction coupling between duration-coding VPP neurons and the VPN-VMN circuit in plainfin midshipman fishes contributes to their ability to generate advertisement calls lasting for minutes to at least 1 h, and (3) vocal coupling to the inner ear and lateral line systems originates mainly from frequency-coding VPN neurons in the Gulf toadfish and duration-coding VPP neurons in the plainfin midshipman. In both species, however, the integrative properties of OEN neurons assure a vocal corollary discharge encoding call duration [Chagnaud and Bass, 2013] , one of the most salient cues in auditory perception in vertebrates, including fishes. Importantly, we emphasize that these and related hypotheses are testable using more quantitative neurophysiological methods as we have done in studies of midshipman fishes [Chagnaud et al., 2011 Chagnaud and Bass, 2013] .
Concluding Comments
While comparative studies have investigated the role of peripheral neuromuscular mechanisms in generating the diversity of vocalizations within individual vertebrate lineages [Suthers et al., 1999; Elemans et al., 2008; Leininger and Kelley, 2013] , there are few comparable studies of central mechanisms [e.g. Bass and Baker, 1991; Striedter, 1994; Jarvis et al., 2000; Goodson and Bass, 2002; Arriaga et al., 2012] . Fishes present an excellent vertebrate model to investigate how hindbrain mechanisms contribute to species level differences in vocal characters due to the evolutionarily conserved organization of vocal compartments in the vertebrate hindbrain Bass and Chagnaud, 2012] and the simplicity of fish sounds ( fig. 1 a, b) and sound-producing mechanisms (see above). The present report and prior studies of midshipman fishes (see Introduction) provide, to our knowledge, the first comparative morphophysiological analysis of the hindbrain CPG for vocalization between species within a single order of vertebrates. A prior study emphasized similarities between Gulf toadfishes and the plainfin midshipman in descending forebrain and midbrain vocal-acoustic connectivity [Goodson and Bass, 2002] . Cellular neurophysiological studies of vocal forebrain and midbrain sites like those completed for the vocal CPG of these species may yet reveal diverse neurophysiological characters that contribute to the patterning of vocal CPG output [Goodson and Bass, 2000a-c; Kittelberger et al., 2006] .
More comparative data on different toadfish species together with data on fishes from different orders [Ladich and Fine, 2006; Bass and Ladich, 2008] , with similar and different sound-producing mechanisms, are needed in order to substantiate the current hypothesis that the frequency and duration of vocalizations in fishes are encoded in separate neuronal populations as shown in toadfishes [Chagnaud et al., 2011; this report] . Transneuronal nerve labeling reveals that the somatodendritic-axonal organization of the VPP-VPN-VMN network documented here for the Gulf toadfish is observed in at least two other species of toadfishes, i.e. the oyster toadfish and the three-spined toadfish Batrachomoeus trispinosus [Bass, unpubl. obs.] . However, the vocalizations of these and other toadfish species diverge in the specific details of FM and AM patterns [see Amorim, 2006; Rice and Bass, 2009; Mosharo and Lobel, 2012] . What accounts for such divergence? We suggest that the fine-tuning of intrinsic and network properties in one or more of the vocal CPG nuclei, dependent in part on anatomical properties (e.g. the extent of gap junction coupling within and between vocal CPG nuclei or the abundance of excitatory synapses from VPN to VMN), determine microstructural differences in vocal attributes among toadfishes and, more generally, among other vocal fishes and lineages of vocal vertebrates.
